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We present a small-scale fading analysis of the vehicular-to-vehicular (V2V) propagation channel at 5.9GHz when both the
transmitter (Tx) and the receiver (Rx) vehicles are inside a tunnel and are driving in the same direction. This analysis is based on
channel measurements carried out at different tunnels under real road traffic conditions.The Rice distribution has been adopted to
fit the empirical cumulative distribution function (CDF). A comparison of the𝐾 factor values inside and outside the tunnels shows
differences in the small-scale fading behavior, with the 𝐾 values derived from the measurements being lower inside the tunnels.
Since there are so far few published results for these confined environments, the results obtained can be useful for the deployment
of V2V communication systems inside tunnels.
1. Introduction
Intelligent transportation systems (ITS) aim to improve
safety and comfort of drivers and passengers through the
integration of information and communication technologies
both inside vehicles and in roadside infrastructure.The rapid
development of wireless communication technologies has
definitely contributed to the growing interest in vehicular
communications by the automobile industry, governments,
and academic institutions, enabling a wide range of potential
applications [1–5].
Vehicular communications are usually classified into
three categories: vehicular-to-vehicular (V2V) [6], vehicular-
to-infrastructure (V2I) [7], and vehicular-to-roadside (V2R)
[8], which may interact together to form vehicular ad hoc
networks (VANETs). The more challenging nature of V2V
communications, due to the mobility of the two communi-
cation ends, may be the reason why they have attracted much
more attention from the point of view of research and devel-
opment. One of the key features for efficient implementation
of such vehicular communication systems is to have a good
characterization and therefore a deep understanding of the
V2V propagation channel. Consequently, an important effort
has been made in recent years in deepening the knowledge
of V2V channel, which includes both measurement cam-
paigns and channel modeling [6, 9–13]. In order to have a
full channel characterization, different environments (rural,
suburban, urban, and highway) with different traffic condi-
tions have been considered. Nevertheless, other particular
environments are also of interest, such as parking garages [14]
or tunnels [15, 16], which have not received somuch attention
so far.
Tunnels are confined environments, where the propaga-
tion conditions differ from other environments [17]. Under
the ITS concept, the understanding of the V2V channel
characteristics in these peculiar environments is essential
for successful deployment of future safety applications based
on wireless communication technologies. In this sense, we
present a statistical analysis of the small-scale fading of
the V2V channel inside tunnels from experimental channel
measurements. This work has been developed in the frame-
work of a more extensive measurement campaign that also
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Figure 1: (a) Two-way, two-lane tunnel in Track 1. (b) One-way, two-lane tunnel in Track 3. The pictures were taken from the Tx vehicle.
included channel measurements outside tunnels, so that a
comparison inside/outside can be made. Measurements were
performed at the 5.9GHz dedicated short-range commu-
nications (DSRC) frequency band under real road traffic
conditions.
The remainder of the paper is organized as follows.
Section 2 introduces the measurement setup and outlines
the environments where the measurements have been taken.
The small-scale fading is analyzed in Section 3. Finally, some
concluding remarks are presented in Section 4.
2. Channel Measurements
2.1. Measurement Setup. The measurements used in this
study are part of a more extensive V2V measurement
campaign carried out around the city of Valencia (Spain).
Narrowband propagation channel measurements were per-
formed under different propagation and road traffic condi-
tions [12]. At the transmitter side (Tx vehicle), the HP83623A
signal generator (SG) was used to transmit an unmodulated
continuous wave at 5.9GHz. A high power amplifier (HPA)
was used to obtain equivalent isotropic radiated power
(EIRP) of +23.8 dBm. At the receiver side (Rx vehicle), the
ZVA24 vector network analyzer (VNA) of R&S was used
to measure the received power level directly through the
𝑏2 parameter (the Rx antenna was connected to Port 2 of
the VNA). The VNA was configured to measure the 𝑏2
parameter continuously using traces of 5000 test points.
As a compromise between the thermal noise level and the
measurement acquisition time, an intermediate frequency
(IF) filter bandwidth equal to 100 kHz was used in the VNA,
resulting in a noise level of around −70 dBm and a sweep
time per trace of about 220ms. Notice that the sweep time
per trace corresponds to a sampling time (acquisition time
of a test point) of about 44 𝜇s. It is also worth noting that
the bandwidth of the IF filter is higher than the maximum
Doppler spectrum in vehicular environments, where the
maximum Doppler frequency is in the order of few kHz.
For example, there is a maximum Doppler frequency of
about 1 kHz for a relative speed of 55m/s (198 km/h) between
vehicles [18].
Two medium power amplifiers (MPAs) and low-loss
cables were also used at the Rx side. Both transmitting
and receiving antennas were omnidirectional monopoles









Track 1 300 188 17 Two-way,two-lane
Track 2 180 515 47 Two-way,two-lane
Track 3 600 720 58 One-way,two-lane
Track 4 139 316 26 One-way,two-lane
vertically polarized and roof-mounted in the center of the
vehicles through a magnetic base. Two laptops, inertial GPS
receivers, and a video camera completed the measurement
system. More details about the measurement setup can be
found in [12, 18].
2.2. Measurement Environments. The common feature of all
the measurements used in this study is that there is always
a tunnel section along the different tracks followed by the
Tx and Rx vehicles. Data taken in four different tracks of
the vehicles, in urban environment, specifically in the city of
Valencia, are available. They will be called Track 1, Track 2,
Track 3, and Track 4. Table 1 summarizes some characteristics
of the different tracks. There are both double and one-way
tunnels, as shown in Figure 1. Both vehicles were driven in the
same direction (convoy) at a similar speed, close to 50 km/h
(14m/s), that is, the maximum allowable speed in the urban
area.
As an example of a measurement record, Figure 2 shows
the received powerwhile the vehicles go overTrack 3. It can be
seen how the small-scale fading behavior outside and inside
the tunnel is different. From the results shown in Figure 2, the
fading depth of the received signal is lower outside (in blue
color) than inside (in green color) the tunnel. Figure 3 shows
the Tx and Rx speed (a) and Tx-Rx separation distance (b)
for the measurement record of Figure 2.
3. Small-Scale Fading Analysis
In order to analyze the small-scale fading, the local mean
received power was estimated for each track using a sliding
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Figure 2: Received power outside and inside the tunnel for a
measurement record in Track 3.
average window. Raw data was then normalized to the local
mean power, and tunnel sections were identified in order to
analyze separately the fading inside and outside the tunnels.
Narrowband fading statistics in fixed-to-mobile (F2M)
channels are commonly assumed to be Rayleigh for non-
line-of-sight (NLOS) links and Rice for line-of-sight (LOS)
links, although other distributions such as Nakagami-𝑚
and Weibull have also been successfully used to fit the
fading behavior. All of them have also been considered
to characterize the small-scale fading distribution in V2V
communication channels [19]. More specifically, the Rice and
Nakagami-𝑚 distributions have been used in [9, 10]. The
Nakagami-𝑚 distribution is generally assumed to be a more
general model, which would approximate Rice distribution
when 𝑚 > 1, Rayleigh distribution for 𝑚 = 1, and fading
more severe than Rayleigh when𝑚 < 1 [20]. Thus, in [9], due
to the variety of driving scenarios analyzed, the Nakagami-
𝑚 distribution was chosen. The results show that the fading
follows a Rice distribution for short distances between Tx
and Rx, decreasing the value of 𝑚 as the distance increases
and reaching values lower than 1 for the largest distances.The
authors in [9] attribute this last result to an intermittent loss
of sight due, for example, to a vehicle turning a corner. In [10],
both distributions were used to fit the measured data, finding
that the Rice distribution yielded the smallest error due to the
large number of LOS situations measured.
For the measurements under study, Tx-Rx distances were
generally short and LOS did exist inmost parts of the vehicles
routes, particularly inside tunnels, where LOS could only be
obstructed by a higher vehicle driving between Tx and Rx.
The Rice distribution was initially chosen to perform the
analysis of the measured data.
Tunnel sections were firstly analyzed. Since the fading
behavior exhibits a high variability along a given track (even
inside the tunnels), each fading record was divided into
temporal bins within which the fading behavior could be
considered uniform. Initially temporal bins of approximately
2.1 seconds were considered, and the Rice 𝐾 factor was
estimated inside each.The value of𝐾was calculated from the
received signal using the expression given in [21]
𝐸 {𝑟}
√𝐸 {𝑟2} = √
𝜋
4 (𝐾 + 1) exp(−
𝐾
2 )




where 𝐼𝑛(⋅) is the modified Bessel function of the first kind
and 𝑛th order. 𝐸{𝑟} and 𝐸{𝑟2} are, respectively, the mean
and mean squared value of the Rice distribution, which are
estimated from the measured samples as









with 𝑟𝑖 being the square root of the measured power samples.
Once the ratio 𝐸{𝑟}/𝐸{𝑟2} is known, the value of 𝐾 can be
easily estimated, which is graphically shown in [21, Fig. 4].
The Kolmogorov-Smirnov (K-S) test [22, 23] was used to
evaluate the goodness of fit of the estimated Rice distribution
to the empirical data. The statistic 𝐷 used in the K-S
test to compare the hypothesized and empirical cumulative
distribution functions (CDFs) is the maximum value of the
absolute difference between both curves.The Rice hypothesis
will be accepted if the value of𝐷 is not higher than a threshold
value𝑑𝑁,𝛼, which depends on both the number of samples,𝑁,






√𝑁 , 𝛼 = 0.01
1.36
√𝑁 , 𝛼 = 0.05
1.22
√𝑁 , 𝛼 = 0.1.
(3)
Figure 4(a) shows the small-scale fading for the tunnel
section of Track 1, and Table 2 summarizes the values
estimated for 𝐾 and the corresponding values found for 𝐷.
For a significance level of 1%, two values of 𝐷 are above
the threshold (𝑑𝑁,𝛼=1% = 0.0729) given by (1); that is, the
percentage of fulfillment of the K-S test for this example
would be 75%.
Figure 4(b) shows the values estimated for𝐾when a half-
size window, that is, about one-second bin, is considered,
proving that inside temporal bins of Table 2 fading may
still experience a nonnegligible variation, and a shorter
temporal bin could be necessary in order to ensure greater
fading stability. A temporal bin of 1.05 s is coherent with
the stationary times found in [15]. It must be noted that in
our measurements the scattering environment is expected to
change more slowly due to the lower speed of the vehicles;
therefore, stationary times should increase.

































































230 232 234 236 238 240 242228
Time (s)
(b)
Figure 4: Tunnel of Track 1: (a) received power without shadowing component and (b) variation of𝐾 values when estimated in 1.05-second
temporal windows.
Table 2: Estimated values of K parameter and 𝐷 statistic for the
temporal bins of tunnel section in Track 1.









When diminishing the temporal bin, the percentage of
fulfillment of theK-S test for the same tunnel section is 81.25%
both for 1% and for 5% significance levels. In case that the
vehicles speed changes significantly along the route, a variable
size should be defined for the temporal bins taking into
account the instantaneous vehicles speed in order tomaintain
a given spatial resolution. However, in these measurements,
the speed was always fairly uniform, as can be seen in
the example of Figure 3(a), and so the spatial resolution is
approximately the same at the different bins.
In order to facilitate the comparison among tunnels and
also compare fading inside and outside the tunnels, the mean
value of 𝐾 parameter for the whole analyzed fading curve
will be used. Figure 5 compares the CDFs of fading inside
and outside the tunnel of Track 1, showing the existence of
deeper fades inside the tunnel and consequently stronger
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Figure 5: Comparison between CDFs of fading inside and outside
the tunnel of Track 1.
other tracks, with the mean value of 𝐾 being always higher
outside than inside the tunnels, as can be seen in Table 3,
which summarizes the mean values of 𝐾 for the different
tracks, both inside and outside the tunnels. This result is
consistent with that published in [15] fromwideband channel
measurements, where the root-mean-square (rms) delay and
Doppler spreads are found to be higher inside the tunnel than
in “open-air” situations, as a consequence of the observed
strongMPCs caused by reflections from tunnel walls, ceiling,
and other structures inside the tunnel. Furthermore, the
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Table 3: Mean values of𝐾 (dB) inside and outside the tunnels.
Inside the tunnel Outside the tunnel
Track 1 3.8 5.6
Track 2 3.0 4.9
Track 3 5.2 7.4
Track 4 6.4 8.6













Figure 6: Boxplot of the 𝐾 factor inside the tunnels.
Table 4: 25th, 50th, and 75th percentiles of 𝐾 (dB) factor values
inside the tunnels.
Percentile Tunnel 1 Tunnel 2 Tunnel 3 Tunnel 4
25th 1.9 0.2 3.3 5.6
50th 4.6 2.9 5.1 7.4
75th 5.7 5.1 8.8 8.2
values for 𝐾 outside the tunnels agree with those estimated
in [19] from different routes in urban environments. There,
it was found that the mean of the Rice 𝐾 parameter ranged
from 4.2 to 8.8 dB.
Also in Table 3, one can observe that the mean values of
𝐾 for the tunnels in Track 1 and Track 2 are similar and lower
than the values in the tunnels of Track 3 and Track 4.This can
be attributed to the different topology of the tunnels analyzed.
In the first ones (two-way, two-lane), the number of vehicles
acting as potential scatterers theoretically doubles in relation
to the tunnels of Track 3 and Track 4 (one-way, two-lane),
leading to higher multipath and lower values of𝐾.
The variability of 𝐾 factor inside the tunnels was also
studied and it is illustrated in Figure 6 using a boxplot.
The red line inside the box is the median value (50th
percentile), whereas the lower and upper edges of the blue
box correspond to the 25th and the 75th percentiles. These
values are summarized in Table 4.The variation of𝐾 in terms
of standard deviation relative to the mean (Table 3) has also
been calculated, obtaining 3.2, 3.7, 3.2, and 2.8 dB for tunnels
1, 2, 3, and 4, respectively.
In order to quantify the error of this approximation,
which attempts to characterize the complete fading curve
by a unique value of 𝐾, the fitting error is calculated as the
absolute difference between the fitted analytical CDF and the
data empirical CDF. This error is shown in Figure 7 for the
Rice, K = 4.8 dB
Rice, K = 3.8 dB
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Figure 7: Tunnel of Track 1: error of the fitting by Rice distribution.
tunnel of Track 1 (𝐾 = 3.8 dB). The magnitude of the error
is lower than that reported in [9]. Furthermore, the error
diminishes if the lower and upper regions of the CDF are
fitted for different Rice distributions: a𝐾 value slightly lower
than the estimated one, for example, 𝐾 = 3 dB, fits better the
lower part of the curve, that is, the deeper fades, whereas
function values higher than the mean (0 dB) are better fitted
by a slightly higher𝐾 value, for example, 𝐾 = 4.8 dB.
4. Conclusion
A small-scale fading analysis of the V2V channel inside
tunnels has been presented. The results have been derived
from narrowband channel measurements collected in four
different tunnels under real road traffic conditions. The Rice
distribution has been proven to provide a reasonable fit to the
measured small-scale fading when the size of the temporal
bin is properly chosen.
The fading was also characterized globally through a
mean value of 𝐾 for each whole fading record, in order
to have a parameter to facilitate the comparison between
tunnels and also inside/outside tunnels. For the different
routes followed by the vehicles, this mean 𝐾 factor is always
higher outside than inside the tunnel, indicating a stronger
multipath effect inside the tunnels. Furthermore, inside the
tunnels, fading has turned out to be more severe in two-way
tunnels with higher number of lanes, due to the existence of
a higher number of scatterers. This result suggests a possible
classification of the tunnels attending to these criteria. In this
sense, moremeasurement campaigns developed in tunnels of
different cities and fading modeling activities are necessary
to have a better understanding of the small-scale fading
behavior in these confined environments.
For this global characterization, it has also been shown
that the fitting error diminishes when two different values of
𝐾 are used for the lower and higher parts of the CDF. This
may be explained by taking into account the changing nature
6 Wireless Communications and Mobile Computing
of the fading along a given route, which makes adjusting its
behavior by a single statistical parameter not possible.
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